Chronic lung hypoxia causes vascular remodeling with pulmonary artery smooth muscle cell (SMC PA ) hyperplasia, resulting in pulmonary hypertension and cor pulmonale. We investigated SMC PA and pulmonary artery adventitial fibroblasts (FB PA ) for their proliferative response to hypoxia. Strong SMC PA growth occurred under hypoxic conditions in SMC PA /FB PA co-cultures, but not in SMC PA monocultures. SMC PA growth was fully reproduced by transferring serum-free supernatant from hypoxic cultured FB PA to normoxic SMC PA . Hypoxia-inducible-transcriptionfactor subtypes (HIF-1α, HIF-2α, HIF-3α) and its dependent target genes, carrying the hypoxiaresponsive-element as regulatory component, were strongly activated in both hypoxic FB PA and SMC PA . HIF-transcription-factor decoy technique, employed to FB PA during hypoxic culturing, blocked the mitogenic activity of FB PA conditioned medium on SMC PA . The data suggest that hypoxia-driven gene regulation in pulmonary artery fibroblasts results in a mitogenic stimulus on adjacent pulmonary artery smooth muscle cells, and HIF-transcription-decoy may offer a new therapeutic approach to suppress these events.
A cute lung hypoxia causes a precapillary vasoconstriction, which is unique to the pulmonary circulation and serves to minimize perfusion of hypoxic lung areas and thereby to optimize ventilation-perfusion matching (1, 2) . The molecular mechanism of hypoxia sensing and signaling underlying this basic regulatory mechanism is still under investigation. Prolonged alveolar hypoxia, as occurs, for example, at high altitude, in chronic obstructive pulmonary disease and various restrictive lung diseases, results in a remodeling of the pulmonary vasculature, which is characterized most prominently by vascular smooth muscle cell (SMC) hyperplasia: media thickening and de novo muscularization of small precapillary vessels (3) (4) (5) (6) . These changes cause chronic pulmonary hypertension and subsequent cor pulmonale, a major cause of death worldwide. The underlying molecular mechanisms are again largely unknown, but recent evidence suggests that next to SMC, adventitial fibroblasts (FB) may contribute to the remodeling events in hypoxia-driven pulmonary hypertension (4, 7, 8) . To address this issue directly, we isolated SMC and FB from pulmonary artery and investigated the proliferative response of the primary cultures to hypoxia. Particular attention was paid to a putative role of hypoxia-inducible factors (HIF), with three subtypes currently known (HIF-1α, HIF-2α, HIF-3α), all of them affecting gene regulation via a conserved hypoxia-responsive element (HRE) (9) (10) (11) (12) .
MATERIALS AND METHODS

Preparation of pulmonary artery fibroblasts (FB PA )
Primary FB were isolated from human and rabbit pulmonary artery by careful dissection of parenchymal connective tissue. The adventitia of <1 mm 3 tissue pieces was removed and placed into 12-well cell culture plates with 500 µl culture medium. Cells from rabbit were cultured in a 4:1 mixture of Dulbecco's modified Eagle's medium and F12 Medium (Gibco, Karlsruhe, Germany). Human cells were cultured in smooth-muscle-cell-growth medium supplemented with epidermal growth factor (0.5 µg/l), basic fibroblast growth factor (2 µg/l), and insulin (5 mg/l) (Promocell, Heidelberg, Germany). All cells were cultured at 37°C in 95% air-5% CO 2 . Fibroblasts were characterized morphologically and immunohistochemically to confirm purity. All fibroblast isolates were immunoreactive with monoclonal antibodies to vimentin. Staining with antibodies to cytokeratin and von Willebrand factor was negative, indicating that the cultures did not contain significant numbers of epithelial or endothelial cells. Experiments were performed with cells of passages 3 and 4. Human cell preparations were established from lung tissue obtained from patients undergoing lung transplantation. This protocol was approved by the Justus-Liebig University Ethics committee, and informed consent was obtained from each patient before undergoing surgery.
Preparation of pulmonary artery smooth muscle cells (SMC PA )
Primary SMC were isolated from human and rabbit pulmonary artery by carefully preparing <1 mm 3 pieces of media, devoid of adventitial tissue as assessed by microscopic control. The pieces of media were placed into 12-well cell culture plates with 500 µl culture medium (same as specified for fibroblasts above) at 37°C; 95% air-5% CO 2 . SMC identity was verified by characteristic appearance in phase-contrast microscopy, indirect immunofluorescent antibody staining for smooth muscle-specific isoforms of α-actin and myosin (at least 95% of cells stained positive), and lack of staining for von Willebrand factor. The cells were studied in the third passage.
Co-culture of SMC PA and FB PA Human SMC PA were cultured in a six-well plate, and human FB PA were grown on a commercially available transwell membrane (Corning Costa Cooperation, Cambridge, UK), which was situated in the six-well for co-culture. Cells were cultured for 24 h in serum-free medium in normoxia or hypoxia. Before measurement of SMC PA growth by BrdU, the membrane-containing FB PA was removed.
Preparation of conditioned medium
For preparation of conditioned medium, rabbit cells (taken on the same day that confluence was reached) were incubated in serum-free medium for 24 h, or the time periods as indicated. The supernatant was then collected and centrifuged to remove detached cells. The cell-free conditioned medium was stored at -80°C or used directly. Only passage 3 primary cell cultures were used for the preparation of conditioned medium.
Measurement of cell proliferation
Proliferation was assessed by incorporation of the thymidine analog 5-bromo-2'-deoxyuridine (BrdU) into the DNA of replicating cells by using a commercially available colorimetric immunoassay according to the recommended protocol of the company (Cell Proliferation ELISA, Boehringer Mannheim, FRG). In brief, after incubation of cells with BrdU, cells were fixed and incorporated BrdU was measured by ELISA by using a specific BrdU antibody. The values given in the figures represent the raw data obtained by photometrical measurement at 450 nm.
HIF Western-blot analysis
Western-blot analysis of HIF-1α was performed by using a polyclonal HIF-1α antibody (13) . In brief, normoxic or hypoxic cells were lysed and protein extracts of nuclei were prepared after mechanical disruption in a dounce homogenizer. Protein concentrations were measured spectrophotometrically with a protein dye. Protein (20 µg) was run per lane on a sodium dodecyl sulfate polyacrylamide gel electrophoresis. After electroblot of the gel to a nylon membrane (PVDF, Pal), HIF-1α specific bands were visualized by colorimetric staining by using a precipitating dye.
RNA-extraction and RT-PCR
RNA was extracted from human cells by using guanidine thiocyanate-acid phenol (RNAzol B, WAK-Chemie, Germany). For reverse transcription (RT) of extracted RNA, 1 µg of total RNA was denatured at 65 o C for 5 min. After cooling on ice, the following components were added to the samples: 5 µl of 5× RT buffer, 2 µl of 10 mM deoxynucleotide mixture, 1 µl of randomhexamer primer, 0.5 µl of 0.1 M dithiotreitol, 1 µl Moloney murine leukemia virus reverse transcriptase (MMLV) (Gibco, BRL), and volume for adjustment to 20 µl. In the case of the negative controls, MMLV was omitted. After 10 min of incubation at room temperature and 60 min at 39 
Reporter-gene assay
A DNA fragment (981 bp) of the rat vascular endothelial growth factor promoter (VEGF) containing the consensus sequence of the HRE was constructed by PCR from rat genomic DNA by using the primers Pvegfprom: aactcgaggaacaagggcctctgtctgcccag, and Mvegfprom: aagaattcaagcctctgcgcttctcaccgg, containing the XhoI and EcoRI restriction sites (10) . The fragment was ligated into the pGL3-plasmid (Promega) containing the firefly luciferase, and the integrity of the plasmid was controlled by sequencing (ABI Prism 310). Two further artificial hypoxic responsive promoter constructs were prepared by inserting the consensus HRE element of the erythropoietin gene promoter (14) (hif: gccctacgtgctgtctca) as a three tandem repeat 5´ upstream of the simian virus 40 promoter (SV40) or herpes simplex thymidine kinase promoter (TK). Each of these plasmids were co-transfected with the pRL-TK plasmid (Promega) carrying the Renilla Luciferase under control of the Herpes-Simplex thymidine-kinase promoter in a molar ratio of 5:1 to rabbit SMC or FB by a transfection procedure by using cationic lipids (Lipofectamin plus, Gibco-BRL). After culturing the transfected cells in normoxic or hypoxic condition, they were lysed in 4 û C luciferase lysis buffer (Promega), and luciferase activities were then measured by a bioluminometer (Berthold).
Transcription factor decoy
Double-stranded decoy-DNA fragments carrying the binding sequences for the HIF transcription-factor (derived from the erythropoietin gene) (14) and for the E2F transcriptionfactor (15, 16) were used. As a control, corresponding DNA-fragments harboring three mismatches (mm) in the relevant DNA binding region were used. The double-stranded DNA fragments were generated by annealing the corresponding forward (+) and reverse (-) oligodeoxyribonucleotides (hif+: gccctacgtgctgtctca and hif-:tgagacagcacgtagggc; hif-mm+: gccctaaaagctgtctca and hif-mm-: tgagacagcttttagggc; e2f+: atttaagtttcgcgccctttctcaa and e2f-: ttgagaaagggcgcgaaacttaaat; e2f-mm+: atttaagtttcgatccctttctcaa and e2f-mm-: ttgagaaagggatcgaaacttaaat) at a concentration of 100 µmol/l in H 2 O by heating to 95ûC for 5 min followed by an incubation period at 37ûC for 1 h. Transfection of cells by decoy-fragments was performed by using cationic lipids (Lipofectamin plus, Gibco-BRL) according to the standard protocol given by the company. In brief, FB PA were incubated with a mixture of the cationic lipids and the decoy fragments in a final concentration of 1 µmol/l for 5 h. Then cells were washed with serum-free medium and were incubated in normoxia or hypoxia (1% O 2 , 24 h)
RESULTS
In a hypoxic atmosphere, strong proliferation of rabbit pulmonary artery fibroblasts (FB PA ), was noted on assessment of BrdU incorporation into genomic DNA (Fig. 1a) . This proliferative response was critically dependent on the density of the FB PA with a maximum increase in hypoxia-driven label incorporation at 90% cell confluence (Fig. 1b) . In contrast, isolated SMC PA did not display a proliferative response to hypoxia (Fig. 1a, b) .
Co-culture of SMC PA with FB PA under conditions of hypoxia markedly amplified SMC PA growth (Fig. 1a) . This effect was reproduced fully by the use of conditioned serum-free cell supernatant from FB PA incubated under conditions of hypoxia, which was then transferred to normoxic SMC PA in a rabbit cell system (Fig. 2) . Analysis of time dependency showed near plateauing of the proliferative SMC PA response on 12-h hypoxic incubation of the FB PA . Dilution of the supernatant originating from hypoxic PA-FB revealed constant stimulatory effect on SMC PA growth over a wide range of nearly 1 order of magnitude (Fig. 2c) .
When characterizing the mRNA-expression of the HIF subtypes in human pulmonary artery cells by RT-PCR compared with the housekeeping mRNA hypoxanthine-phospho-ribosyl-transferase (HPRT) (Fig. 3a) , HIF-1α mRNA was found to be abundantly expressed in FB and SMC independent of hypoxia or normoxia. In contrast, HIF-2α mRNA appeared only in response to hypoxia in both cell types. HIF-3α mRNA showed low levels in normoxia that increased in hypoxia more impressively in SMC compared with FB. When assessing HIF-1α at the protein level, its up-regulation under conditions of hypoxia was demonstrated for both SMC PA and FB PA (Fig. 3b) . Activation of HIF-dependent gene expression was analyzed by a reportergene assay by using three promoter constructs. The firefly-luciferase reporter gene was set under control of the vascular-endothelial-growth-factor promoter, which contains one HRE site (VEGF), or under control of a three tandem repeat of the HRE site derived from the erythropoietin gene ligated upstream of the simian-virus 40 promoter (HRE-SV40) or upstream of the herpes-simplex thymidine-kinase promoter (HRE-TK). These hypoxia-sensitive reporter vectors were cotransfected to rabbit cells with a plasmid carrying the renilla-luciferase as reportergene under the control of the hypoxia-insensitive TK promoter without HRE element. The reporter gene activity was subsequently measured in the cell lysate. All hypoxia-sensitive reporter vectors consistently demonstrated activation of the HRE in hypoxia in both SMC and FB (Fig. 3c) . FB PA cells showed a particularly strong induction in the case of the HRE-SV40 promoter and the VEGF promoter.
For specific interference with the hypoxic signal transduction in rabbit FB PA , transcriptionfactor-decoy for HIF was performed. For this purpose, the HIF binding sequence derived from the hypoxia-responsive-element of the erythropoietin gene was employed. All known three HIF subtypes can activate gene expression via this DNA-sequence. We compared HIF-decoy with the well-established E2F decoy for inhibition of a transcription factor different from HIF. Liposomal transfection of the double-stranded DNA fragments was used for both the HIF-and the E2F-DNA binding elements. Mismatch consensus sequences harboring three mismatches in the central recognition region served as control for both approaches. HIF-decoy transfected to rabbit FB PA abrogated completely the hypoxia-dependent FB PA induced growth of SMC PA , whereas E2F-decoy was only partially effective, and mismatch controls were entirely ineffective (Fig. 4) .
DISCUSSION
Prolonged hypoxia (>12 h) provoked proliferation of primary cultures of pulmonary artery FB, but not pulmonary artery SMC. This finding is of interest, as some preceding studies suggested pulmonary vascular SMC growth in response to hypoxia in vitro; however, the opposite effect was reported also (3, 4, 7) . A strong proliferative response of the SMC to hypoxia was noted when these cells were co-incubated with adventitial fibroblasts. The complete reproduction of this proliferative SMC PA response by serum-free supernatant originating from hypoxic fibroblasts and being transferred to normoxic SMC strongly suggests hypoxia sensing by the fibroblasts and intercellular signaling to the adjacent SMC as underlying mechanism. Indeed, the currently known hypoxia-inducible transcription factors subtypes HIF-1α, HIF-2α, and HIF-3α were all found to be expressed in hypoxic fibroblasts and smooth muscle cells. HIF-2α and HIF-3α are structurally related with HIF-1α and are induced in hypoxia. These transcription factors activate gene expression via the same HRE element as in case of HIF-1α (10, 11), which has been analyzed by reporter-gene assay in our study. HIF-2α and HIF-3α appears to be expressed in a cell type-specific manner, when compared with the ubiquitously expressed HIF-1α. Our study documented hypoxic up-regulation of HIF-1α at the protein level-a typical feature of this transcription factor (17) and an up-regulation of HIF-2α mRNA and HIF-3α mRNA. The HIF-2α mRNA response is of particular interest, as this hypoxia-induced transcription factor is expressed predominantly in the lung and heart vasculature, in contrast to the ubiquitously expressed HIF-1α (18) (19) (20) . The hypoxia-responsive-element dependent reporter gene showed strong activation in pulmonary artery fibroblasts and smooth muscle cells in response to hypoxia (Fig. 3) . The employment of the transcription decoy technique, currently applied to HIF as a novel approach, was found to fully block the capacity of hypoxic fibroblasts to elicit SMC PA growth, thus providing further strong evidence that the hypoxia-induced gene expression in the fibroblasts and the proliferative SMC response were causally linked. Because the HIF-decoy fragment carries the same HRE sequence as in the HRE-TK and HRE-SV40 reporter vector experiments, we conclude a specific HIF decoy effect on the suppression of hypoxia dependent target genes controlled by consensus HRE sequences. In order to compare the transcription decoy of HIF with that of another transcription factor, we used the established E2F-transcription decoy, which has been shown to inhibit cell proliferation (15, 16) . When compared with HIFdecoy, E2F decoy applied to FB PA during culturing in hypoxia also revealed a reduction of the proliferative potency of supernatant from FB PA ; however, it was much less pronounced as in the case of HIF decoy. A speculative explanation would be that a reduction in cell growth caused by E2F-decoy diminishes the amount of autocrine/paracrine growth factors secreted by FB PA , thus also resulting in growth inhibition of SMC PA independent from hypoxia.
Evidence that HIF-1α affects the physiological responses to chronic hypoxia in vivo is also provided from studies of mice partially deficient for HIF-1α. These mice exposed to hypoxia showed delayed development of pulmonary vascular remodeling, pulmonary hypertension, and right ventricular hypertrophy (21) .
Further studies are mandatory to address the questions, which molecular mechanisms of hypoxia sensing are located upstream to the gene regulatory response of the fibroblasts and which hypoxia-driven gene products (growth factors) or secondarily arising mitogenic stimuli are transferred to the adjacent SMC in the downstream signaling sequence. Among them, those encoding soluble factors have to be mentioned as, for example, endothelin-1 (22) , plateledderived-growth-factor (23), fibroblast-growth-factor (24) , and insulin-like-growth-factor (25) The identification and quantitative analysis of these known or other putative unknown hypoxic differentially expressed genes are still to be undertaken, for example, by the promising strategy of DNA-microarray analysis. In this context, it is of interest that pulmonary but not mesenteric fibroblasts were more recently noted to respond with inositol phosphate generation to hypoxia (8) . Notwithstanding these unresolved issues, the fact that pulmonary artery fibroblasts show a specific gene-regulatory response to hypoxia, which triggers proliferation of adjacent SMC, is a novel finding that may provide new therapeutic options to interfere with pulmonary hypertension and cor pulmonale secondary to alveolar hypoxia. Measured by BrdU incorporation (the photometric absorption at 450 nm as a value for BrdU incorporation is shown). A) Left: proliferation of FB PA and SMC PA in normoxia and hypoxia in serum-free medium (1% O 2, 24 h). Right: proliferation of SMC PA , which were cocultured with FB PA in normoxia and hypoxia in serum-free medium (1% O 2, 24 h). As a comparison the proliferation of SMC PA cultured in 0% and 10% fetal calf serum (FCS) containing medium during normoxia is shown (mean ± SD, n=4 independent cell preparations, *P<0.05, paired t-test). B) Hypoxia/normoxia BrdU ratio of FB PA and SMC PA cultured under conditions of normoxia and hypoxia (1% O 2, 24 h) in various cell densities from 40% up to 100% confluence (mean ± SD, n=4 independent cell preparations). Autoradiography of the ethidium bromide-stained gel electrophoresis after performance of RT-PCR is shown (M, size marker; kb, kilobases). B) Analysis of HIF-1α protein by Western blot by using a polyclonal HIF-1α antibody. Nuclear extracts originated from rabbit pulmonary artery SMC and FB, incubated under conditions of normoxia (-) or hypoxia (+) (1% O 2 ) for 12 h. (M, size marker; kd, kilodalton). C) Raw data (RLU relative light units) of the hypoxia-responsive element (HRE) reporter gene assays performed on rabbit pulmonary artery SMC and FB using different HRE-promoter reporter vector constructs as described in Materials and Methods. Cells were incubated under normoxia or hypoxia (1% O 2 , 24 h), (HRE-SV40, HRE coupled to simian-virus 40 promoter; HRE-TK, HRE coupled to herpes simplex thymidinekinase promoter; VEGF, vascular endothelial growth factor promoter; mean + SD, n=4 independent cell preparations, *P<0.05, paired t-test). 4 . The effect of HIF-decoy and E2F-decoy on the proliferative response of rabbit SMC PA to conditioned medium of normoxic versus hypoxic FB PA from rabbit. FB PA were transfected with doublestranded decoy-DNA fragments for HIF or E2F or their mismatch controls (HIF-MM; E2F-MM) or were left nontransfected (control). After normoxic or hypoxic incubation (1% O 2, 24 h), the supernatant was transferred to SMC PA , and the proliferative response was assessed by BrdU assay (mean + SD, n=4 independent cell preparations, *P<0.05; **P<0.01 paired t-test for comparison of specific decoy with mismatch decoy).
